A rule-based expert system has been the most common artificial intelligence (AI) 
Introduction
One of the most important capabilities of a geographic information system (GIS) is to interpret and map data for solving spatial problems. Generally, researchers use a GIS interfaced with a statistics package for spatial analysis. One of the other approaches for the analysis of spatial data has focused on artificial intelligence (AI) techniques such as knowledge-based systems with GIS.
AI can be considered as a tool that enables computers to be intelligent in order to emulate human thought to help in solving problems (Winston, 1992) . The knowledge system in AI is a software system that has structured knowledge about a field of expertise so that it can be used for data interpretation. A knowledge system is called an expert system because it solves problems with the knowledge of experts (Carrico et al., 1989) .
Although some AI techniques have been applied to generate or interpret spatial data with GIS, it is very difficult for a non-expert to develop and use a hybrid system combining GIS and AI techniques. The reason is that most AI techniques require computer programming skills in order to apply knowledge to the system, which is not a simple process. However, a rulebased system is the most common technique in knowledgebased AI for a hybrid system with GIS because it has a very simple rule structure to derive solutions.
The basic unit of knowledge in the rule-based systems is the rule, defining a so-called "rule-based expert system." A rule is a conditional test-action pair; for example, if condition is true, then action, and it can be programmed using a natural language such as English, Japanese, and Korean. Therefore, System Integration of GIS and a Rule-Based Expert System for Urban Mapping
Jinmu Choi and E. Lynn Usery once the rule-based engine (or interpreter) for the system is developed, the rule for an application can be easily constructed by a non-expert in computer programming (Graham, 1989; Naylor, 1989; Nikolopoulos, 1997) .
In remote sensing and GIS, previous studies using rulebased expert systems focused on the automatic interpretation of aerial photographs or satellite images or on the automatic mapping of spatial data for experts (Usery et al., 1988; Foschi and Smith, 1997; Wilson, 1997) . However, the rule-based expert system can be applied to the interactive interpretation of aerial photographs for neophytes.
Automatic interpretation approaches with rule-based systems use the decision theoretic method for feature recognition on the aerial photographs. A decision theoretic method uses hierarchical decision-making procedures by employing inference rules incorporated into a tree structure (Estes et al., 1983) . The inference procedure in the automated approach is very strict. Once the rule has been created, then there is no way to incorporate the situation information during the inference process of image interpretation. Therefore, the rules should be very detailed and specific to an application, such as soil mapping for a certain study area. Thus, it is very difficult to use the same rules for a new problem or different data set even with a similar problem. The rules should be complete for accuracy of the result of automatic interpretation. A small mistake in the rule construction may produce large errors in the results of the interpretation. Therefore, automatic interpretation is appropriate only for experts (the producers of the rules) for their specific application purposes.
Interactive approaches also use inference rules with a tree structure but are based on the manual method of interpretation of aerial photographs and satellite images. The decision of each node in the decision tree is made by the users based on the manual image interpretation using a question and answering sequence so that the results of the inference procedure are very flexible according to the user's decision. The inference rules in the interactive approach only give guidelines or suggestions for the final solution for the decision, which also depends on the users' recognition of features in the images. Therefore, the rules are not necessarily very detailed and specific to an application; instead, they can be broadly applicable to a group of similar problems such as aerial photointerpretation. Also, interactive methods are more focused on the user's aspect with existing expert's knowledge as a guideline for image interpretation.
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Automated interpretation approaches for aerial photographs and satellite images are strict, application-specific methods, and focused on the producers' aspects. On the other hand, interactive interpretation approaches are flexible, broadly applicable methods, and are focused on the users' aspects. The interactive method can utilize human recognition ability to include situation information. This manual approach for the basic recognition of features will improve the accuracy of the result of image interpretation. Therefore, the interactive method has been chosen for the inference procedure in this paper.
The purpose of this paper is to develop a rule-based expert system for interactive interpretation of images and to integrate this expert system with GIS for spatial data mapping. This hybrid system is not oriented to a specific problem. Instead, it can be applied to solve various problems if the rules of the problems are already constructed in this system. In this paper, this system is applied to assist the interpretation and mapping of aerial photographs for an urban area.
The remainder of the paper is organized as follows. Following the architecture of the integrated system of GIS and a rule-based expert system, the next section describes the system development process, including both the system module and database design. This is followed by a geographic application to evaluate the performance of the integrated system. Conclusions are presented in the final section of this paper.
Integration of GIS and a Rule-Based Expert System: System Architecture An integrated system of GIS and a rule-based expert system has three main architectural components: a rule-based expert module, a user interface for input/output, and a GIS module ( Figure 1 ). The expert module is composed of three components: the knowledge base, the inference engine, and the knowledge acquisition module. The knowledge base is stored and retrieved using a database. The GIS module includes a spatial data loader, a viewer, an on-screen digitizer, and a spatial data exporter. The GIS and expert modules are connected by the user interface for data input and output.
In the expert module, the knowledge base contains domain specific knowledge that is used for problem solving. Knowledge is represented as rules in the form of "if-then" constructs. The inference engine is based on an inference rule and a search strategy, and contains algorithms (Watson, 1997) . The knowledge acquisition module enables experts to store knowledge in the knowledge base or expert system to deduce new knowledge through a machine learning process.
For the inference engine in expert systems, three reasoning methods are generally used: rule-based, model-based, and case-based reasoning. A reasoning method should be selected carefully according to the application.
Model-based reasoning has some limitations (Davis and Hamscher, 1986) . Current modeling technology cannot model and predict the subtle and complicated interactions in certain domains. Also, simple problems often don't have to be modeled using complex modeling technology. Therefore, modelbased reasoning should be used under two assumptions. First, the structure and behavior of the device should be reasonably well known and simple enough to model, but complex enough that exhaustive simulation is impossible. Second, the set of possible faults should be difficult to reliably enumerate in advance.
Case-based reasoning has advantages over model-based systems. Case-based reasoning can handle domains where problems have many exceptions to rules and where problems are not fully understood because cases learn from experiences (Schank, 1982; Slade, 1991; Holt and Benwell 1997) . However, case-based reasoning still has limitations. In case-based reasoning systems, the knowledge is in the form of particular experiences (cases) rather than in the form of rules so that it is difficult to gather case data.
Rule-based reasoning is more suited to solve a problem when it is difficult to gather cases (Ford, 1991; Althoff et al., 1994) . In an expert aspect, the knowledge can be more easily implemented in rule-based reasoning systems than in casebased reasoning systems because rules can be constructed easily by a simple reasoning structure ('if-then') and a natural language. Therefore, the rule-based reasoning method was selected for the expert system module in this hybrid design.
However, there are some limitations in rule-based reasoning in this hybrid system. First, the maintenance of knowledge in a rule-based expert system is normally a manual process for further knowledge acquisition. Second, there are no exceptions to the rules. Rules need explicit knowledge, exact questions, and exact answers.
System Development
This hybrid system of GIS and a rule-based expert system consists largely of a main window system and a database. The main window system includes a knowledge acquisition module, a rule-based inference engine, a GIS mapping module, and a user interface for data input/output as shown in Figure 1 . A database is used for storage and retrieval of the knowledge base.
The knowledge acquisition module, inference engine, and user interface were built using Visual Basic 6.0 (Harris, 1997; Ryu, 1999; Stephens, 2000) . Although AI shells are fast and convenient for developing simple expert systems, developing hybrid systems often requires complete recoding using an entirely different software package (Bramer, 1989) . The GIS was built by customizing MapObjects Version 2 (ESRI, 1999). MapObjects has many GIS facilities and can be extended and integrated easily with other systems using a conventional language such as Visual C++ and Visual Basic. The database for the knowledge base (prologue, questions and answers, and rules) is Microsoft Access 2002.
System Module Design
The main window system consists of an expert part, a user part, and a map part (Figure 2) . The expert system module in the system architecture is implemented separately into expert and user parts. The GIS module is implemented directly into the map part.
The expert part is the knowledge acquisition module which constructs new knowledge (prologue, question, answer, and rule) or updates the existing knowledge by experts. The user part includes the user interface for the output of the knowledge base and the rule-based engine. The user part can Figure 1 . The Architecture of an integrated system.
Database Design
A relational database structure is used to save the knowledge for problems. The database includes a problem table, a question table, and a rule table (Figure 3) . The problem table contains the name and prologue for all problems. The question table contains both questions and answers for a problem. The question is symbolized using simply one word for easy processing in the rule-based inference engine. The rule table contains the rules for a problem.
Each problem in the problem table is related to the question table and the rule table for that problem. If a new problem is created, the problem will be added to the problem table. Then, the question and rule tables for that problem will be created automatically in the database.
Application: Interpretation of Aerial Photographs
This hybrid system of GIS and a rule-based expert system is applied to the interpretation of aerial photographs for an urban area. Rules and symbols are constructed from the key elements for land-use/land-cover interpretation of a blackand-white aerial photograph.
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219 Rule Construction Rule construction requires three steps: decision tree construction, symbolization, and rule construction. A decision tree is constructed by the existing expert knowledge in the application domain. In aerial photography, the seven basic elements for interpretation are tone, texture, pattern, shape, shadow, size, and situation (Avery and Berlin, 1992) . Tone is the density of brightness. It is a record of light reflection from the land surface on the photo. Texture is a frequency of tone change within the photographs. Pattern is the spatial arrangement of objects. Shape is the general form of an object. Shadow reveals shape and height of an object. Size of a particular object is related to that of others. Situation is the position of an object in relation to other objects in the immediate vicinity.
Each of these elements is used to construct rules in a decision tree (Figure 4 ). For example, if there are artificial structures such as buildings or houses, this area may be used for urban land use and land cover such as commercial, industrial, schools, residential, and transportation. In urban uses, some categories are separated from others using shape and situation.
Forest types (deciduous, mixed, or evergreen) can be separated by their tone. In total, 14 land-use/land-cover categories are included in developing a rule: residential, commercial, industrial, highway, road, railroad, evergreen forest, mixed forest, deciduous forest, school, golf course, park, water, and bare ground.
The most difficult categories in rule construction for the interpretation of aerial photographs are highways and railroads because of the low resolution of the image for visual interpretation. However, highways are wider than railroads or small roads. Also, railroads can be separated from small roads between residential areas because railroads have few intersections but roads have many intersections.
Each node in the decision tree can be symbolized as a question, and each link in the decision tree can be symbolized as an answer for the knowledge base ( Figure 5 ). For example, the first node in the decision tree is "Artificial Structure" and its two links are "Yes or No" in Figure 4 . This node and its links are symbolized as "STRUCTURE" in Figure 5 . This symbol will be used to construct rules and be interpreted as a question with possible answers when the inference engine is running. Each rule for each solution case will be generated according to the decision tree using symbolized questions and answers ( Figure 6 ). Constructed rules are saved in a database as a knowledge base for the application.
Processing Steps
To map spatial data, the system requires five steps: feature selection, solving the problem, solution and suggestion, labeling, and exporting ( Figure 7) . First, a user selects and digitizes a feature during the interpretation of an aerial photograph. Second, the user chooses the "airphoto" interpretation problem in the user part, and then the inference engine will generate the first question about the feature selected. The user should answer this question. The inference engine, then, will generate the next question. Third, when the condition for a certain feature type is satisfied through this interactive question-and answer sequence, the inference engine will suggest a feature type. Fourth, the feature name suggested can be labeled on the digitized vector data. Last, the thematic data digitized on the image can be exported as vector data (shape file format). During export, the labeled feature name will be saved automatically as an attribute of the vector data.
Urban Mapping and Result
The study site was Athens-Clarke County, Georgia. The digital orthophoto quarter quadrangle (DOQQ) data from 1993 was used for the interpretation and mapping. In the study area, four subsets (2 km by 2 km) of the DOQQ were generated and used for land-use/land-cover mapping (Figure 8 ). The interpretation of black-and-white DOQQ images was completed only by the inference rules of the expert module using the interactive procedure, and the land-use/land-cover maps were generated by the GIS module in this hybrid system (Figure 9 ).
Accuracy assessment of the resulting land-use/land-cover maps was conducted to evaluate the usability of the rule. Forty sample sites were selected for each land-use/land-cover category using the stratified random sampling method (Table 1) . The original DOQQ image and the land-use data that were generated by the planning department of Athens-Clarke County were used for the reference data.
There was an overall accuracy of 93.39 percent with a kappa index of 0.9288. Almost all errors occurred in the boundary areas between different land uses and land covers. Land-use/land-cover mapping was executed by a novice user in GIS so that the errors would be reduced by advanced digitizing skill. Therefore, the rules developed in this study may be valid and used for the other applications.
Conclusions
In this paper, a hybrid system of GIS and a rule-based expert system was discussed. This system consists of three main parts with a database: expert, user, and map. The expert and user parts are the rule-based expert system, and the map part is a GIS.
The expert part is used to construct new knowledge (prologue, questions and answers, and rules) or update existing knowledge. The knowledge (prologue, questions and answers, and rules) in this system can be constructed easily by an expert using a natural language (English). The user part is used to solve a specific problem for which the rules are constructed in the system. Novice users who are not good at programming
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221 or a particular problem domain can derive a solution to a specific problem easily from the constructed rules through the interactive question and answer sequence. The questions will be generated by the rule-based engine using existing rules. The map part is used to generate spatial data. Various vector data formats, such as ESRI coverage, shape files, and CAD drawings, and raster data formats, such as ESRI Grid, Geotiff, and others can also be loaded in the map part. The map part can also be used for visual interpretation of image data.
To test the applicability, the developed system has been used for the interpretation of aerial photography that is not an easy task for a neophyte. If users cannot identify a certain feature during the interpretation of aerial photographs, users can consult the rule-based expert module in the user part of this system through the question and answer sequence. The questions will be generated automatically by each of the user's answers. The rules were constructed for the aerial photograph of the study area using basic interpretation elements. Using this hybrid system, 14 land-use/land-cover categories were interpreted and mapped easily from black-and-white DOQQ images. The mapped land-use/land-cover data were exported to a shape file and evaluated for accuracy. The accuracy of mapped data was better than 92 percent in both overall accuracy and kappa index so that the rules constructed in this study are valid for the interpretation of black-and-white aerial photographs. Therefore, users can consult this hybrid system of GIS and a rule-based expert system during mapping or digitizing in order to produce spatial data.
